















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































AGI	 Annotation	 Forward	 Reverse	 Citation	
AT5G25760	 UBC	 CTGCGACTCAGGGAATCTTCTAA	 TTGTGCCATTGAATTGAACCC	 Czechowski	et	
al.,	2005	
AT2G28390	 SAND	 AACTCTATGCAGCATTTGATCCACT	 TGATTGCATATCTTTATCGCCATC	 Czechowski	et	
al.,	2005	
AT1G16300	 GAPDH	 GCCATCCCTCAATGGAAAATT	 GAGACATCAACGGTTGGAACAC	 Czechowski	et	
al.,	2005	
AT2G14610	 PR1	 GTCTCCGCCGTGAACATGT	 CGTGTTCGCAGCGTAGTTGT	 (Sanchez	et	al.,	
2016)	


















































































and	 water	 as	 described	 (Kollist	 et	 al.,	 2007)	 in	 growth	 chambers	 (MCA1600,	 Snijders	 Scientific,	
Drogenbos,	Belgium)	at	12	h/12	h	day/night	cycle,	23°C/20°C	temperature,	100	μmol	m-2	s-1	light,	and	
70%	relative	humidity	(RH).	Twenty-five	to	thirty	days	old	plants	were	used	for	experiments.	A	custom-
































































































































































































































































































































































































































































































































































































































215.6	 184.0	 14.7	 0.0356	
198.7	 163.3	 17.8	 <0.0001	
284.0	 268.0	 5.7	 0.534	
253.0	 210.0	 20.0	 <0.0001	
226.7	 201.3	 11.1	 0.0396	
198.7	 167.3	 15.6	 <0.0001	








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Col-0       att1-1       att1-2
Col-0       att1-1       att1-2

































































Leaf	conductance atti-1	(n=12) atti-2	(n=5) Col-0	(n=15) 
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5.3	Discussion	
	
In	this	results	section,	plants	lacking	expression	of	the	ATT1	gene	were	shown	to	have	different	
responses	to	both	biotrophic	and	necrotrophic	pathogens.	It	was	also	shown	that	ATT1	plants	are	
more	resistant	to	drought	conditions.	Despite	being	previously	reported	to	have	resistance	to	
PstDC3000	infection,	here	it	is	shown	that	the	stomatal	closure	response	and	bacterial	titre	inside	the	
plant	is	not	altered	between	att1	mutants	and	Col-0	plants.	However,	att1	plants	are	less	tolerant	to	
infection,	displaying	a	greater	extent	of	disease	symptoms	upon	infection	with	PstDC3000	and	other	
pathogens.		
5.3.1	ATT1’s	role	in	during	pathogen	infection	
	
It	was	expected	before	undertaking	this	research	that	CYP86A2	(encoded	by	the	ATT1	gene)	played	an	
important	role	in	modifying	long	chain	fatty	acids	important	for	the	stomatal	closure	seen	in	
Arabidopsis	in	response	to	pathogen	infection.	Although	long	chain	fatty	acids	are	important	
components	of	signalling	pathways	responsible	for	closing	stomata	in	response	to	bacterial	infection	
(Montillet	et	al.,	2013)	our	results	do	not	suggest	that	CYP86A2	is	responsible	for	any	components	of	
stomatal	closure	in	response	to	pathogen	infection.	Experiments	applying	the	flg22	peptide	(known	to	
induce	stomatal	closure)	showed	that	stomatal	closure	was	not	compromised	in	two	att1	mutant	
alleles.	Indeed,	our	results	suggested	that	att1	guard	cells	are	able	to	shut	the	pore	at	least	as	
effectively	as	controls,	a	result	that	is	discussed	further	below	and	may	be	explained	by	the	smaller	
size	of	the	guard	cells	rather	that	the	lack	of	ATT1	(Raven,	2014).	
The	results	presented	in	this	chapter,	in	some	cases,	contradict	research	previously	published	on	the	
ATT1	gene	function.	For	example,	spray	inoculation	failed	to	show	any	difference	in	bacterial	numbers	
inside	the	leaf	at	the	early	time	points	of	infection.	This	result	contradicts	the	findings	of	Xiao	et	al.	
(2004),	who	reported	a	small	but	significant	increase	in	the	number	of	bacterial	entering	Col-0	plants	
at	early	infection	time	points.	At	later	time	points	(4	days	post	infection)	the	current	study	failed	to	
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detect	a	significant	difference	in	bacterial	numbers	within	infected	leaves.	These	results	are	again	in	
disagreement	with	Xiao	et	al.	(2004),	who	report	a	small	but	significant	increase	in	the	number	of	
bacteria	within	att1	plants.	It	was	noted,	however,	that	att1	plants	developed	significantly	more	
disease	symptoms	at	5	dpi	compared	to	Col-0	plants,	a	finding	that	is	more	in	line	with	the	results	of	
Xiao	et	al.	(2004).	Assays	with	Hpa,	another	biotrophic	pathogen	that	does	not	colonise	through	
stomatal	pores,	revealed	wild-type	levels	of	basal	resistance	in	att1	plants.	Hence,	in	our	experimental	
system,	att1	mutants	are	unaffected	in	pre-	and	post-invasive	defences	against	(hemi)biotrophic	
pathogens.		
Our	results	suggest	that	rather	than	altering	resistance	to	Pst	infection	the	att1	mutations	affect	
tolerance	to	the	pathogen.	Instead	of	affecting	the	ability	of	plants	to	successfully	defend	against	Pst	
entry	and	replication,	plants	lacking	ATT1	have	a	lower	tolerance	to	the	effects	of	the	pathogen	
infection,	and	thus,	show	more	disease	symptoms	than	wild-type	plants.	Indeed,	disease	symptoms	
do	not	always	correlate	with	host	resistance	levels.	Experiments	using	ethylene	mutants	have	shown	
that	the	disease	symptom	development	does	not	always	correlate	with	the	number	of	bacteria	within	
the	plant.	Bent	et	al.	(1992)	demonstrated	an	important	role	for	ethylene	in	mediating	the	disease	
symptomology	of	PstDC3000	infection.	The	ethylene-insensitive	mutant	ein2	showed	significantly	less	
disease	symptoms	that	wild-type	plants,	even	though	the	bacteria	proliferated	to	similar	levels	as	in	
leaves	of	wild-type	plants.	Hence,	mutations	in	ATT1	and	EIN2	do	not	affect	basal	resistance	to	
PstDC3000,	but	have	opposite	effects	on	the	tolerance	of	the	plant	to	PstDC3000	infection.	Whether	
the	disease	phenotype	of	att1	mutants	is	related	to	ethylene	signalling	requires	further	investigation.		
When	trying	to	understand	the	role	of	CYP86A2	it	is	important	to	consider	the	location	of	ATT1	gene	
expression.	ATT1	is	the	only	gene	exclusively	expressed	in	the	guard	cells	of	mature	Arabidopsis	
reported	to	have	a	significant	effect	on	plant	immunity.	During	infection	by	bacterial	pathogens	it	was	
found	that	ATT1	mRNA	transcripts	are	induced,	indicating	potential	role	during	pathogen	infection.	
	 119	
As	previously	reported	FLS2	receptors	expression	is	higher	around	the	guard	cells	and	the	sub-
stomatal	cavity.	An	enzyme	specifically	expressed	at	the	guard	cell	which	restricts	the	expression	of	
the	AvrPto	effector	would	ensure	that	the	FLS2	receptor	continues	to	detect	and	induce	defences	
against	the	pathogen.	More	pertinent	perhaps	is	the	transcript	pattern/levels	of	CYP86A2	over	the	
early	stages	of	pathogen	infection.	Analysis	of	att1	mRNA	transcripts	by	northern	blot	analysis	
performed	by	Xiao	et	al.,	tried	to	address	this	question.		Northern	blot	analysis	indicated	that	ATT1	
gene	expression	was	induced	non-specifically	by	both	infiltration	of	buffer	mock	treatments,	
infiltration	of	PstDC3000	and	non-host	strains	of	the	bacteria	P.s.phaseolicola.	However	what	was	
clear	from	the	results	is	that	induction	of	the	ATT1	gene	persisted	in	the	mock	treatments.	By	contrast	
ATT1	mRNA	transcript	levels	declined	following	PstDC3000	treatment.	
Here	through	the	use	of	qPCR,	an	alternative	method	of	estimating	gene	expression	levels	than	
northern	blotting,	rather	than	a	decline,	induction	of	the	ATT1	gene	was	observed	4	hours	post	
infection	with	Pst	strains	DC3000	and	avirulent	strain	Avr-.	At	24	hours	post	infection	however	it	was	
found	that	PstDC3000	suppressed	ATT1	expression	upon	infection,	but	the	avirulent	strain	does	not	
have	the	ability	to	suppress	ATT1	expression	following	infection.	
Assays	with	the	necrotrophic	pathogen	(P.cucumarina)	that	does	not	enter	through	the	stomata	
revealed	that	att1	plants	are	more	susceptible	to	infection	from	this	pathogen.	The	altered	resistance	
to	biotrophic	and	necrotrophic	pathogens	may	indicate	an	alteration	in	the	level	or	response	to	
defence	hormones	such	as	ethylene	known	to	trigger	defence	against	biotrophic	and	necrotrophic	
pathogens.	Another	possible	explanation	for	att1	plants	being	more	susceptible	to	the	necrotrophic	
pathogen	is	the	fact	that	att1	mutant’s	cuticle	lacks	30%	of	the	cutin	monomers	found	in	Col-0	plants	
(Xiao	et	al.,	2004).	Indeed,	the	cuticle	has	been	reported	to	be	an	important	resistance	factor	against	
necrotrophic	pathogens	(Laluk	&	Mengiste	2010).	However	the	cuticle,	although	lacking	cutin	
monomers	is	reported	to	be	thicker	(but	perhaps	less	dense)	than	the	cuticle	of	Col-0	plants.		
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Mass	spectrometry	of	uninfected	leaf	tissue	was	used	to	measure	the	abundance	of	biotic	and	abiotic	
response	hormones	within	uninfected	leaves	of	att1	and	Col-0	plants,	and	revealed	the	effect	of	the	
ATT1	mutation	on	basal	hormone	levels.	att1	leaves	do	not	significantly	differ	in	the	abundances	of	
the	two-main	defence	signalling	hormones	SA	and	JA.	ABA,	was	however,	significantly	more	abundant	
with	att1	null	mutants	containing	approximately	2-3	fold	higher	levels	of	ABA	than	Col-0	plants.	This	
could	provide	at	least	in	part	an	explanation	for	the	plant	response	to	disease.	
The	interaction	between	ABA	and	other	defence	hormones	is	complex.	As	discussed	during	the	
introduction	ABA	has	several	reported	roles	depending	on	the	stage	of	colonisation	of	the	pathogen	
(Ton	et	al.,	2009).	In	the	literature,	it	is	widely	accepted	that	SA	and	ABA	work	antagonistically.	Thus	if	
ATT1	has	higher	quantities	of	ABA,	SA	levels	or	responses	might	be	supressed.	However,	SA	levels	
appeared	variable	and	differences	were	not	apparent	from	the	mass	spectrometry	analysis.		
One	limitation	of	the	mass	spectrometry	analysis	prevented	in	this	Chapter	is	that	it	only	gives	an	
understanding	of	hormone	abundance	within	uninfected	plants.	In	future,	it	would	be	useful	to	
quantify	defence	hormone	abundances	following	infection	with	both	biotrophic	and	necrotrophic	
pathogens	to	determine	if	plant	inducible	defences	are	affected	by	the	ATT1	gene.	
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5.3.2	ATT1’s	role	during	drought	
	
An	entirely	novel	phenotype	of	drought	tolerance	is	reported	in	this	Chapter	for	the	att1	mutant	
plants.		
ATT1/CYP86A2	activity	is	associated	with	the	production	of	the	waterproof	cuticle	and	might	
therefore	be	expected	to	affect	water	loss.	Mutants	develop	with	a	cuticle	that	contains	30%	less	
cutin	monomers,	however	the	cuticle	is	thicker	and	spongier	than	Col-0	plants.	Xiao	et	al.	(2004)	who	
report	that	excised	att1	leaves	wilt	quicker	than	Col-0	leaves	due	to	the	reduction	in	cutin	monomers	
in	the	cuticle.	It	is	therefore	surprising	that	our	experiments	showed	that	att1	lines	are	more	tolerant	
to	drought	than	Col-0	plants.	Terminal	drought	experiments	showed	that	att1	plants	maintained	
normal	photosynthetic	rates	for	1	day	longer	than	Col-0	plants	and	were	more	tolerant	to	water	
limiting	conditions	than	Col-0	plants,	a	phenotype	that	would	not	be	associated	with	plants	that	had	
significantly	higher	cuticle	permeability,	as	reported	by	Xiao	et	al.	(2004).	
Gas	exchange	analysis	showed	that	plants	lacking	ATT1	are	able	to	sustain	higher	levels	of	gas	
exchange	throughout	the	drought	treatment	always	having	higher	or	equivalent	level	of	transpiration	
compared	to	Col-0	plants.	Experiments	measuring	water	loss	through	the	cuticle	also	showed	that,	
although	there	was	a	trend	in	att1	plants	to	having	slightly	increased	cuticular	conductance,	there	
was	no	significant	increase	in	water	loss	through	the	cuticle	in	these	mutants.	Taken	together	these	
results	indicate	that	att1	plants	are	more	resistant	to	drought	for	reasons	other	than	restricting	water	
loss	through	the	stomata,	and	the	altered	structure	of	the	cuticle	known	in	att1	plants	is	not	
significantly	affecting	water	loss	through	the	plants	epidermis.		Inline	with	these	findings	are	those	of	
Isaacsons	et	al.	(2009)	who	found	no	association	between	the	cutin	content	of	tomato	fruit	(Solanum	
lycopersicum)	cuticle	and	transpiration	rates.	
As	experiments	revealed	no	reduction	in	water	loss	through	the	cuticle	it	seems	appropriate	to	
hypothesise	that	att1	mutants	are	losing	more	water	under	well-watered	conditions	for	physiological	
reasons	other	than	cuticle	permeability.	One	hypothesis	would	be	that	att1	mutants	are	more	
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drought	tolerant	due	to	the	induction	of	stress	defence	mechanisms	that	cope	with	water	deficit	to	a	
greater	degree	than	in	Col-0	plants.	Given	the	finding	that	att1	plants	contain	significantly	higher	
levels	of	the	drought	stress	hormone	ABA	it	is	possible	that	higher	levels	of	ABA	in	ATT1	plants	allow	
the	induction	of	water	conservation	and	water	acquisition	mechanisms	earlier	than	in	Col-0	plants.	
Giving	support	to	this	hypothesis	is	the	finding	that	att1	mutants	reduce	guard	cell	conductance	
significantly	between	day	1	of	drought	and	day	4,	whereas	Col-0	plants	do	not	redude	stomatal	
conductance	until	between	days	4-6.	This	suggests	that	att1	plants	may	sense	water	limiting	
conditions	before	Col-0	plants.		
There	are	a	multitude	of	physiological	responses	induced	by	the	drought	hormone	ABA	that	could	
potentially	give	rise	to	a	more	drought	resistant	phenotype.	For	example,	ABA	is	known	to	induce	root	
branching	and	root	growth	(Harris,	2015).		This	allows	the	plant	to	explore	previously	untapped	areas	
of	soil	to	search	for	areas	of	water.		To	test	this	hypothesis	there	are	several	physiological	parameters	
that	could	be	measured.	For	example	comparing	root:shoot	ratio	between	different	genotypes	plants	
would	give	a	good	indication	of	whether	resource	allocation	to	root	growth	and	water	acquisition	
differs	between	the	two	genotypes.	However,	no	obvious	differences	in	plant	size	were	noted	during	
the	course	experiments	reported	here.	
Another	mechanism	to	increase	the	uptake	of	water	is	to	create	a	hydrophobic	epidermis	on	the	
areas	of	mature	root	system,	this	makes	it	more	difficult	for	water	to	enter	the	plant	through	the	
mature	root	and	results	In	the	majority	of	water	entering	the	plant	through	the	newly	developed	root	
hairs	that	have	proliferated	in	previously	untapped	areas	of	soil	(Taiz	&	Zieger,	2010).	In	the	aerial	
parts	of	the	plant,	ABA	is	also	known	to	have	a	significant	role	in	inducing	water	conservation	
measures.	ABA	can	regulate	leaf	hydraulic	conductance	through	decreasing	the	permeability	of	leaf	
vascular	tissue	allowing	plants	to	maintain	water	within	the	plant	for	longer	under	drought	conditions	
(Kudoyarova	et	al.,	2011).	Other	possible	reasons	for	enhanced	drought	tolerance	might	be	that	
before	undergoing	drought	stress	att1	plants	contain	proportionally	more	water	than	Col-0	plants.	A	
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simple	way	of	testing	this	would	be	to	measure	leaf	water	content	of	mutants	and	Col-0	plants	and	
ATT1	plants	both	before	and	during	drought	treatment.	
5.4	Conclusions	
	
Plants	lacking	ATT1	produce	more	of	the	abiotic	stress	hormone	ABA	than	Col-0	plants.	This	has	
implications	not	only	for	drought	tolerance,	but	also	for	plant	responses	to	pathogens.	Higher	levels	
of	ABA	in	att1	mutant	plants	may	allow	for	early	induction	of	water	conservation	and	water	
acquisition	mechanisms	than	Col-0	plants.	
Work	from	this	chapter	has	explored	the	physiological	and	biochemical	effect	of	ATT1	on	pathogen	
responses	and	plant	responses	to	water	limitation.		The	conclusions	from	the	work	are	as	follows.	
• Null	mutants	in	ATT1	have	significantly	smaller	guard	cells	than	wild	type	plants	but	have	the	
same	stomatal	density	and	stomatal	index.	
• ATT1	does	not	affect	the	extent	of	stomatal	closure	in	response	to	flagellin	and	does	not	
affect	plant	resistance	to	biotrophic	pathogens.	However,	att1	mutants	are	more	susceptible	
to	necrotrophic	pathogens.	
• ATT1	plants	have	significantly	higher	ABA	levels	than	Col-0	plants	but	are	not	affected	in	basal	
levels	of	SA	or	JA.	
• ATT1	mutants	show	tolerance	to	water	limiting	conditions.	This	drought	tolerance	is	not	
achieved	by	reduced	water	loss	through	the	stomata	or	cuticle.		
• High	ABA	levels	may	allow	the	plant	to	sense	and	respond	to	water	limiting	conditions	faster,	
inducing	physiological	mechanisms	to	conserve,	or	acquire	water	before	Col-0	plants	can	
respond.		
	
	
	
	 124	
5.6	Future	work	
	
To	truly	understand	the	role	of	the	ATT1	gene,	and	its	product	(CYP86A2)	there	are	a	number	of	
important	experiments	that	should	be	undertaken.	
Firstly,	both	the	substrate	and	the	product	of	the	CYP86A2	enzyme	remain	unknown.	To	understand	
the	role	of	the	gene	it	is	important	to	explore	which	fatty	acid(s)	the	encoded	enzyme	catalyses	the	
production	of.	It	may	be	possible	to	study	thus	by	heterologously	expressing	ATT1	gene	in	E.coli	and	
overexpress	a	tagged	version	of	the	enzyme	which	can	be	purified.	Then	possible	substrates	could	be	
tested	
Although	hormone	levels	of	uninfected	att1	plants	and	Col-0	plants	were	studied	the	effect	of	the	
att1	mutation	on	inducible	defences	following	pathogen	infection	were	not.	As	well	as	hormone	
profiling	att1	mutants	that	are	not	infected	It	would	be	interesting	to	again	examining	hormone	
abundances	by	mass	spectrometry	following	infection	by	either	biotrophic	or	necrotrophic	pathogens	
as	well	as	examining	genes	known	to	be	respond	to	SA	or	JA	defences.	Results	show	that	att1	
expression	is	inducible	upon	pathogen	infection,	however	it	is	not	known	if	induction	of	the	ATT1	
gene	affects	transcription	of	other	defence	genes.		
To	follow	up	on	the	drought	experiments	it	would	be	interesting	to	measure	a	number	of	
physiological	parameters	of	att1	mutants	to	try	gain	a	better	understanding	of	why	these	plants	are	
more	tolerant	to	drought	conditions.		For	example	measuring	root:shoot	ratio	of	plants	would	give	a	
better	understanding	of	resource	allocation	between	growth	and	water	acquisition.	Further	to	this	it	
would	be	interesting	to	examine	root	architecture,	root	branching,	root	hair	production,	and	hydraulic	
conductance	of	att1	plants	during	drought	stress.	
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Chapter	6:	Conclusions	and	future	work	in	the	field	
	
Since	the	discovery	of	stomatal	immunity	in	2006	our	understanding	of	the	interactions	between	
plants	and	pathogens	occurring	around	the	guard	cells	has	improved	greatly.	Through	a	number	of	
independent	studies,	we	now	have	a	relatively	good	understanding	of	the	mechanisms	used	to	close	
stomata	in	response	to	bacterial	infection	(discussed	in	section	1.3).	There	are	however	a	number	of	
topics	that	still	require	further	research	to	better	our	understanding	of	the	field.	It	is	known	that	
application	of	a	number	of	PAMPs	such	as	chitin,	LPS	and	flagellin	all	trigger	stomatal	closure	when	
detected	by	the	plant.	Current	studies	have	investigated	the	mechanisms	by	which	stomata	close	in	
response	to	flagellin	or	bacterial	pathogens.	It	remains	to	be	discovered	whether	stomata	close	using	
the	same	mechanisms	in	response	to	flagellin	as	they	do	to	other	PAMPs.	Indeed	it	is	not	yet	clear	
how	similar	the	components	are	mediating	stomatal	closure	in	response	to	biotic	or	abiotic	stimuli.	
Although	our	understanding	of	how	guard	cells	close	stomata	in	response	to	pathogens	has	
developed	greatly	we	still	do	not	fully	understand	the	mechanisms	used	by	pathogens	to	detect	and	
locate	the	presence	of	guard	cells.	It	is	known	that	bacteria	detect	and	respond	to	chemical	stimuli	
emitted	by	lettuce	leaves	grown	in	light	conditions,	but	not	under	dark	conditions	to	locate	the	
presence	of	stomata	(Kroupitski	et	al.,	2009).	However,	we	still	do	not	know	which	chemical	or	
metabolic	signatures	bacteria	are	using	to	locate	guard	cells.	Furthermore	there	is	little	conclusive	
evidence	as	to	how	fungal	pathogens	find	and	infect	through	stomatal	pores	in	many	species	of	
plants.		
Although	there	is	evidence	to	suggest	that	fungal	rust	pathogens	in	grasses	recognise	topographical	
changes	in	the	cellular	architecture	of	the	epidermis	to	detect	the	location	of	guard	cells,	this	has	only	
been	researched	in	grass	species.	In	grass	species,	these	topographical	changes	may	be	easier	to	
detect	than	in	dicot	species	due	to	grasses	having	epidermal	cells	arranged	in	files	on	the	leaf	surface,	
in	non-grass	species	that	do	not	have	uniform	cellular	layouts	it	seems	possible	that	other	species	of	
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fungal	pathogens	that	infect	different	host	species	may	detect	the	presence	of	guard	cells	in	other	
ways.		
If	we	were	to	fully	understand	the	chemical	and	physiological	cues	detected	by	pathogens	to	direct	
them	to	stomatal	openings	it	would	open	new	possibilities	in	manipulating	plant	biology	to	create	
novel	and	durable	resistance	to	pathogen	attack.	For	example,	the	genes	controlling	epidermal	cell	
patterning,	cell	differentiation	and	cuticle	development	around	the	guard	cells	are	reasonably	well	
characterised.	If	we	understood	the	exact	topographical	changes	detected	by	individulal	fungal	
pathogens	we	could	potentially	manipulate	plant	epidermal	patterning	to	prevent	pathogens	from	
recognising	and	locating	the	presence	of	stomata.	Not	knowing	exactly	how	stomatal	pathogens	
colonise	reveals	our	lack	of	basic	understanding	of	pathogen	physiology,	and	highlights	the	need	for	
basic	physiological	studies	that	appear	to	have	fallen	out	of	favour	in	recent	research.	
Whilst	the	short-term	response	(stomatal	closure)	to	pathogen	infection	through	stomatal	closure	has	
been	well	studied,	the	long-term	response	identified	here	(alterations	in	stomatal	density)	remains	to	
be	fully	investigated.	There	are	a	few	studies	that	previously	highlighted	interesting	links	between	
stomatal	development,	pathogen	infection	and	components	of	pathogen	signalling	(Lake	et	al.,	2009,	
Meng	et	al.,	2015,	Murray	et	al.,	2016).	The	results	presented	here	significantly	advance	our	
knowledge	of	the	effect	of	bacterial	infection	on	stomatal	development,	and	reveal	components	of	
the	signalling	pathway	used	to	modulate	stomatal	development	in	response	to	bacterial	infection.		
While	this	study	shows	an	adaptive	response	to	bacterial	pathogen	infection	in	Arabidopsis,	and	
shows	shared	components	of	pathogen	signalling	and	stomatal	formation	there	are	many	
unanswered	questions.		
For	example	it	is	important	to	understand	if	this	stomatal	development	response	is	conserved	in	other	
dicot	and	monocot	plant	species	following	pathogen	infection.	Further	studies	on	other	species	of	
plants	are	need	to	answer	such	questions.		
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The	systemic	signals	responsible	for	inducing	a	reduction	in	stomatal	density	following	pathogen	
infection	also	remain	to	be	discovered.	It	will	be	difficult	to	distinguish	the	systemic	signals	
responsible	for	reducing	stomatal	density	from	those	used	to	prime	distal	tissue	against	further	
pathogen	infection.	Indeed	results	presented	here	suggest	that	it	is	possible	that	the	signal	for	
reducing	stomatal	density	is	shared	with	the	systemic	signals	used	to	biochemically	prime	plants	
against	infection.		
In	addition	to	stomatal	immunity,	is	the	almost	completely	unsearched	area	of	immunity	at	
hydathode	pores	(sometimes	called	water	stomata	or	water	pores).	Structurally	similar	to	stomatal	
pores	hydathode	pores	connect	the	xylem	vasculature	with	atmosphere	and	can	be	used	to	expel	
excess	water	during	conditions	of	limited	transpiration	(warm	soils,	humid	conditions	and	during	the	
dark).	Like	stomatal	pores	hydathodes	are	exploited	by	several	species	bacterial	pathogens,	these	
entry	points	allow	pathogens	access	to	the	xylem	and	act	as	a	portal	for	systemic	infection	of	the	
plant.	It	is	known	that	exudates	from	hydathodes	are	enriched	in	pathogen	response	proteins	
(Grunwald	et	al.,	2003)	indicating	an	important	role	for	defence	at	the	hydathode	pore.		
Finally	cell	specific	defences	of	guard	cells	of	stomatal	and	possibly	hydathode	pores	could	provide	an	
interesting	avenue	for	further	research.	Unpublished	microarray	data	enriched	in	the	guard	cell	
fraction	reveals	significant	enrichment	in	expression	of	pathogen	response	genes	in	guard	cells	(Hunt	
&	Gray	unpublished).	It	is	known	that	guard	cells	have	the	ability	to	synthesise	a	number	of	complex	
molecules	and	hormones.	The	ATT1	guard	cell	expressed	gene	has	been	shown	to	have	significant	
effect	on	pathogen	response	in	this	study.		It	therefore	seems	likely	that	guard	cells	or	sub-stomatal	
cavities	have	the	potential	to	synthesise	antimicrobial	molecules	that	could	be	an	important	
component	of	defence	upon	primarily	contact	with	pathogens.	
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